Background: Dietary diversity is a key element of diet quality, but diets of women of reproductive age (WRA; aged 15-49 y) in resource-poor settings are often deficient in a range of micronutrients. Previous work showed associations between simple food-group diversity
Introduction
Women of reproductive age (WRA) are nutritionally vulnerable and their diets frequently fall short of needs, particularly in resource-poor settings (1) (2) (3) . In such contexts, diets are often monotonous, dominated by starchy staple foods, and unbalanced, and do not provide sufficient micronutrients. Poor nutrition before and during pregnancy and lactation compromises the health of mothers and their infants (4) . For these reasons, the first "1000 days" have been targeted in global efforts to improve nutrition for vulnerable groups (5) , and there are also renewed efforts to tackle pre-and periconceptual nutrition for girls and women (6) .
Nutrition-sensitive interventions outside the health sector (e.g., in agriculture, education, hygiene and sanitation, and social protection) also increasingly focus on improving the nutrition of WRA, among other vulnerable groups (7) .
With a wide range of policy and programmatic interventions and country programs now aiming to improve diets and nutrition of WRA, there is increased demand for a range of metrics to track progress. At the same time, "gold standard" methods that provide nationally representative and quantitative individual dietary data remain out of reach for many countries, and in other countries such surveys are too infrequent to meet needs for assessment and tracking. In this context, the Women's Dietary Diversity Project (WDDP) undertook to develop a simple feasible indicator as a proxy for micronutrient adequacy, a universally recognized dimension of diet quality. Dietary diversity is implicit in all evidence-based healthy diet patterns (8) and is advocated in all food-based dietary guidelines (9) and in guidance from the WHO (10) . More specifically, recent antenatal care guidance from the WHO also affirms the importance of diverse diets during pregnancy (11). Although dietary diversity alone is not sufficient to ensure diet quality, which also requires adequate and balanced macronutrient intake and moderation in intake of free sugars, salt, and certain fats, diversity is necessary to achieve a high-quality diet.
Dietary diversity has been operationalized variously as the sum of individual foods or food groups consumed across varying time periods (12) . Early work under the WDDP showed consistent associations between several simple food-group diversity indicators (FGIs) and micronutrient adequacy of WRA, and concluded that simple food-group scores, based on 1-d recalls of food groups consumed, could be used for population-level assessment (1) . Subsequently, several organizations used a 9-point (9 food groups) Women's Dietary Diversity Score in surveys and programs (13, 14) . However, particularly in the context of advocacy efforts and for cross-sectoral communication, demand increased for an indicator that can be expressed in terms of prevalence meeting or not meeting a minimally acceptable level of diversity. This article reports on efforts by the WDDP team to respond to the demand and develop a dichotomous indicator of "Minimum Dietary Diversity for WRA."
Methods

Study design and participants
Participants were WRA (ages 15-49 y) from 9 data sets from lowincome countries. Five data sets from Africa and Asia were analyzed during the first phase of the WDDP, as described in Arimond et al. . Study sites, sample size calculation, and sample designs depended on the primary study objectives and are fully described elsewhere (15) (16) (17) (18) (19) (20) (21) (22) (23) . Briefly, the primary study objectives were often to help refine a program strategy (Ban1 and Mali), to help determine the potential impact of food fortification (Ban2, BF2, and Ug2), or to serve as a baseline for the impact evaluation of a biofortification intervention (Moz and Ug1). One data set was extracted from 1 round of a longitudinal prospective health and nutrition survey (Phi), and 1 study was undertaken with the WDDP primary objective of validating simple dietary diversity indicators as a measure of micronutrient adequacy among WRA (BF1). Study sites were selected on the basis of the study objectives. Study areas from rural regions were therefore either poor and food-insecure regions (Ban 1, Moz, and Ug1) or regions where targeted crops were present [Ban2, BF2, and Ug2 (rural part)]. Urban or peri-urban studies were not representative of the whole-country urban population but either of a homogenic ethnic group (Mali) or to represent the variety of living conditions in the setting [BF1, Phi, and Ug2 (urban part)]. A minimum sample size of 100 WRA was required for inclusion. All of the sampling procedures involved either randomization or an invitation to all eligible women in the study area; however, some studies targeted households with infants (Ban2, BF2, Moz, and Ug1) rather than all WRA (Ban1, BF1, Mali, Phi, and Ug2). The representativeness of each sample is discussed in the original articles, and primary study protocols for all sites were approved by ethical review committees or institutional review boards (15) (16) (17) (18) (19) (20) (21) (22) (23) .
Dietary data collection and management Data sets had dietary data consisting of 24-h recalls, with the exception of one, Ban2, in which 12-h direct-weighed records were complemented by a 12-h recall. In most studies, the 24-h recalls were performed by using the multiple-pass method, adapted from widely acknowledged guidelines (24) (25) (26) . Recipes were usually collected from the female household member who was responsible for cooking, and standard recipes were used for dishes consumed outside the home. For estimating and measuring quantities, the methods used were those best suited to local foods and conditions (e.g., direct weighing, volume equivalent using beakers with marked volumes, playdough models, photographs, etc.). The study team carefully checked that dietary data were collected in all studies with the use of well-documented and sound methods. There was at least a second recall on nonconsecutive days for a subsample of $40 women for each data set. Raw dietary data were transformed into nutrient intakes by using food-composition tables developed by the original researchers at each site (15) (16) (17) (18) (19) (20) (21) (22) (23) . For the current analysis, women with energy intakes either ,0.9 times estimated basal metabolic rate or .3.0 times basal metabolic rate were excluded from the analyses (27) . More details on dietary data collection and treatment can be found in Martin-Prevel et al. (28) .
We aimed to summarize micronutrient adequacy across a range of micronutrients with known public health relevance at the outset of the WDDP (1). Most of the available information relates to potential impacts on pregnancy outcomes (29) and breast-milk content (30) . We also considered the availability of nutrient data in the processed data sets and in available foodcomposition tables. The following 11 micronutrients were selected: vitamin A, thiamin, riboflavin, niacin, vitamin B-6, folate, vitamin B-12, vitamin C, calcium, iron, and zinc. We used the probability approach to estimate micronutrient adequacy (31) . This approach is based on information or assumption about both the distribution of nutrient requirements in the population (interindividual) and the day-to-day variation (intraindividual) in nutrient intakes (32) . By using the repetition of the 24-h recalls in a subsample of participants, the probability of adequacy (PA) associated with "usual intake" was calculated for each micronutrient and each woman. We compared distributions of estimated usual intakes to WHO and FAO requirement distributions for vitamins (33) . Where Estimated Average Requirements (EARs) are not provided by WHO or FAO, we back-calculated an EAR from Recommended Nutrient Intakes by using the CV from the WHO or FAO, if available (33), or otherwise from the Institute of Medicine at the US National Academy of Sciences (31) . For iron requirements, which are known to be skewed for nonpregnant and nonlactating (NPNL) women, we used Institute of Medicine tables (34) , but adjusted for absorption of 5% (BF1, BF2, Moz, Ug1, and Ug2) or 10% (Ban1, Ban2, Mali, and Phi) on the basis of diet patterns, according to WHO and FAO guidance (33) . For zinc, we used the International Zinc Nutrition Consultative Group's EARs and CVs (35) , assuming low absorption (25%) in BF1, BF2, Moz, Ug1, and Ug2 and intermediate absorption (34%) in Ban1, Ban2, Mali, and Phi. The EARs used for assessing the PA for each nutrient are presented in Supplemental Table 1 .
We used a Box-Cox transformation to estimate approximate Gaussian nutrient intake distributions, then calculated the best linear unbiased predictor of the usual intake for each nutrient before calculating PA for each micronutrient. The mean PA for a population group is equivalent to the population prevalence of adequacy for a particular micronutrient (31) . We also averaged all 11 PAs to form a summary variable for micronutrient adequacy, mean probability of adequacy (MPA). Like individual micronutrient PAs, the MPA has a possible range of 0-1. The distribution of MPA was also transformed when necessary to approximate normality for use in analyses.
Choice of FGIs
With an aim of examining candidate indicators that could potentially be generated from large-scale survey data, we selected a set of FGIs that 1) were based on food groups, not individual food items, 2) varied in level of aggregation of foods into groups, 3) varied in the minimum quantity of consumption required for a food group to "count" in the score (1 or 15 g), and 4) were based on recall of a single day. This set of FGIs allowed us to explore the effect of aggregation and minimum quantities on indicator performance. In the first phase of the WDDP we examined indicators when foods were aggregated into 6, 9, 13, or 21 food groups and concluded that the 9-and 13-group indicators with the 15-g minimum provided the best balance between performance and feasibility (1).
The second phase, with additional data sets, provided an opportunity to examine a broader range of indicators, on the basis of additional analyses and screening, with the objective of identifying an indicator with the strongest and most consistent association with micronutrient adequacy. We took as a starting point the 9-group indicator noted above (hereafter denoted FGI-9). We then examined the contribution to micronutrient adequacy of various combinations of subgroups of the most disaggregated (21-group) indicator. On the basis of these contributions, we identified 4 disaggregations and 1 "re-aggregation" of the FGI-9 that might strengthen associations to micronutrient adequacy. The "re-aggregation" was to regroup "organ meat" with "all meat, poultry and fish"; the 4 disaggregations were to count separately "other fruits" and "other vegetables," "meat and poultry" and "fish," "nuts and seeds" and "pulses," and "grains" and "other starchy staples." We also examined the percentages of WRA who had consumed various subgroups of these disaggregations and re-aggregations on the same day. Finally, we screened a series of 9-, 10-, 11-, and 12-group indicators with various combinations of food groups and with, and without, the 15-g minimum consumption criterion and examined whether they strengthened the association with micronutrient adequacy. In this article we report results for the 9-group indicator already in use (FGI-9) and compare it with a "best choice" 10-group indicator (FGI-10) (Table 1). The latter was selected after screening of the larger set because it maximized the trade-off between good performance in terms of association with micronutrient adequacy and alignment with nutrition messages with regard to good-quality diets. Full details on this second-phase analyses of all candidate indicators are provided in Martin-Prevel et al. (28) . Both candidate indicators (FGI-9 and FGI-10) incorporate the 15-g minimum criterion.
Statistical analysis Data were analyzed by using Stata version 12 (36) , accounting for sample design characteristics as appropriate. Most statistical analyses were performed within data sets. P values ,0.05 were considered significant for all tests. Data are presented as means 6 SDs or medians (IQRs). Except for PA and MPA, statistics reflect observations from a single day (the first of 2 d in most sites, but the second of 3 observation days in BF1). We used Pearson's correlations and simple linear regressions to describe associations between FGIs and MPA, with and without controlling for energy, by using the best linear unbiased predictor of estimated usual energy intake. Regression diagnostics included assessment of normality of residuals and heteroscedasticity tests. Untransformed values of MPA are presented in descriptive Figure 1 , and the transformed variable was used in correlation and regression analyses.
We used receiver-operating characteristic analysis to assess FGI prediction of MPA .0.60. Although MPA theoretically ranges #1, which would be the desirable level of adequacy for all women, we estimated the MPA among a nationally representative sample of German women, who were assumed to have few economic constraints on access to a high-quality diet, and estimated an average MPA of 0.83. On the basis of this, a threshold of 0.70 would have been a reasonable choice to define a "positive" indicator (i.e., the level of adequacy to reach to consider it as satisfactory) in resource-poor contexts. In contrast, there is no basis for defining a "negative" indicator (i.e., the level under which adequacy is clearly unacceptable). The MPA cutoff of 0.60 was eventually selected because distribution of MPA in the samples did not allow the use of higher cutoffs and we judged a cutoff of 0.60 to be a reasonable cutoff for a "better" MPA. The AUC summarizes the predictive power of each indicator across all possible FGI cutoffs. We also assessed indicator characteristics in terms of sensitivity, specificity, and misclassification. For our purposes, unlike in some clinical applications, we did not aim to maximize only sensitivity or only specificity but looked for a balance between the 2, and hence considered the sum of them to minimize misclassification.
We assessed indicator performance separately for different physiologic groups because of the impact of elevated requirements on MPA, and because during pregnancy in particular it is extremely difficult to meet iron and folate requirements without supplements (11). Therefore, although we present descriptive results for all women, results comparing the performance of the 2 candidate indicators are presented separately for NPNL women in the main text and for lactating women in Supplemental Tables 2 and 3 when subsample sizes allowed ($100 women); however, no site reported a sufficient number of pregnant women for separate analysis. Finally, for the selected "best candidate" dichotomous indicator (FGI-10), for descriptive purposes we performed weighted analyses across all sites to assess several characteristics of women's diets above and below the FGI cutoff of 5 food groups.
Results
General characteristics of women and their diets Data were available for 4166 women, with sample size varying by site ( Table 2 ). The median rate of exclusion from original samples due to implausible energy intake according to the Goldberg criteria was 11.2% [range: 0-18.0% for all data sets but one (Phi) in which the exclusion rate was 61.3%, which will be discussed later]. The proportion of lactating women was particularly high in some sites due to study designs targeting mothers of infants and young children. The average age of the women was similar across sites, but BMIs varied widely. Median energy intakes ranged from 1671 kcal in Phi to 2439 kcal in Ug1 (Table 2) . Macronutrient intakes were FIGURE 1 MPAs over 11 micronutrients for nonpregnant, nonlactating women (blue bars) and lactating women (red bars). In the BF1, Mali, and Phi sites there were ,100 lactating women and no separate analysis was performed. Values are means 6 SEs. Ban1, first site in rural Bangladesh; Ban2, second site in rural Bangladesh; BF1, Burkina Faso urban site (Ouagadougou); BF2, Burkina Faso rural site; Moz, rural site in Mozambique; MPA, mean probability of adequacy; Phi, site in peri-urban Cebu, Philippines; Ug1, rural Ugandan site; Ug2, urban and rural areas in Uganda.
CURRENT DEVELOPMENTS IN NUTRITION imbalanced in Ban1, Ban2, and Moz, with carbohydrate intakes exceeding and fat intakes below the WHO ranges for population intake goals. Protein intakes slightly exceeded the WHO range in BF2 and in Phi. For NPNL women, MPAs ranged from 0.34 in Ban1 to 0.60 in Ug1, whereas corresponding values for lactating women were 0.23 and 0.50, respectively (Figure 1 ). PAs for specific micronutrients varied widely across sites. Looking across sites, the most consistent "problem nutrients" for NPNL women (with PAs ,0.50 in at least half the sites) were riboflavin, folate, vitamin B-12, calcium, and iron (Table 3) , whereas for lactating women 9 of 11 nutrients were "problem nutrients" (Supplemental Table 4 ).
Correlation of indicators with MPA and indicator performance
Both the 9-and the 10-group indicators were significantly correlated to MPA at each site (all P , 0.001) ( Table 4 ). Correlations ranged from 0.25 to 0.56 for NPNL women and from 0.26 to 0.52 for lactating women (Supplemental Table 2 ). In models that controlled for energy intake, correlations were attenuated in most sites but remained significant. Figure 2 shows the association between FGI-10 and MPA for NPNL women when not controlling for energy intake, and shows an increase in MPA as the number of food groups increases. Results for lactating women (Supplemental Figure 1) and results for FGI-9 (data not shown) were visually similar.
AUCs were moderate, ranging from 0.62 to 0.82 for NPNL women (Table 4) . AUCs significantly differed between the 2 indicators in 6 sites, but differences were small. AUCs were 0.02-0.05 higher for FGI-10 in 4 sites and #0.01 higher for FGI-9 in 2 sites. For lactating women, AUCs ranged from 0.56 to 0.90 and comparisons between the 2 indicators showed a significant difference in only 1 of 6 sites, favoring FGI-10 (difference of 0.05) (Supplemental Table 2 ).
In sensitivity and specificity analyses, we evaluated indicator performance in detecting MPAs .0.60 with the food-group cutoff of $5 food groups, because this cutoff provided the best balance between sensitivity and specificity across sites for both FGI-9 and FGI-10 (results not shown). Sensitivity and specificity results ( Table 5 ) also showed moderate performance. Considering the sum of sensitivity and specificity, differences between the indicators were small (,5.0) in 4 sites, but in the remaining 5 sites the large differences were all in favor of FGI-10. Positive predictive value was similar between the 2 indicators; the 2 large differences were also in favor of FGI-10. For lactating women, considering the sum of sensitivity and specificity, results again favored FGI-10. For positive predictive value, most differences were very small, but 1 large difference favored each indicator (Supplemental Table 3 ).
Proportion of women consuming ≥5 food groups and comparison of diets above and below this cutoff For FGI-10, the proportion of NPNL women who consumed $5 food groups varied from 6% (BF2) to .50% in the 2 Ugandan sites. In weighted analyses summarizing across all sites, NPNL women who achieved the cutoff of $5 food groups had an MPA of 0.55, compared with 0.39 for women who consumed #4 food groups. In relative terms, the group of women above the cutoff had an MPA ;40% higher than those below the cutoff. Women who Faso urban data set; BF2, Burkina Faso rural data set; BMR, basal metabolic rate; Mali, Mali urban data set; Moz, Mozambique rural data set; NPNL, nonpregnant and nonlactating; Phi, Philippines peri-urban data set; Ug1, Uganda rural data set; Ug2, Uganda urban and rural data set.
2
Women in the sample with more than one 24-h recall. 3 Values are medians (IQRs).
consumed $5 of the FGI-10 food groups were highly likely to have consumed $1 animal-source food (84%); legumes, nuts, or seeds (84%); and $2 distinct fruit and vegetable groups (98%).
Discussion
Simple indicators that reflect diet quality are needed for global assessment, monitoring, and advocacy, and dietary diversity is one necessary-although not sufficient-component of diet quality. We previously showed reasonably strong and consistent associations between food-group diversity scores and the probability of micronutrient adequacy for WRA (1), but for certain policy and programmatic uses, the demand for a dichotomous indicator capturing "minimum dietary diversity" for WRA has increased. We report here on efforts to meet this demand.
Building on previous work, we extended analysis to a larger number of data sets and considered additional candidate indicators that aggregated food groups differently. Balancing performance and complexity, we narrowed the selection to 2 candidate indicators, one reflecting a 9-food-group score that had already been adopted by some groups and a second, new 10-food-group indicator, both with a cutoff of 5 food groups for indicating "minimum dietary diversity." The 2 indicators, FGI-9 and FGI-10, performed similarly on several criteria, but the sensitivity and specificity analysis favored FGI-10. There was inevitably some subjectivity attached to the choice of presenting results for only these 2 "best choice" candidate indicators and not for the full set tested. However, we judged it useful to include FGI-9 because the underlying 9-point score was already in fairly wide use and we further selected FGI-10 because it showed performance equal to or better than all other candidates. In addition, although these types of indicators should not be equated with or used to generate dietary guidance, we considered alignment with guidance as a qualitative criterion for evaluating candidate indicators. We considered that by separating nuts and seeds from pulses, and by splitting "other fruit and vegetables" into 2 groups, FGI-10 aligns better with current priorities for improving diets through increased intakes of these food groups (37) (38) (39) .
The full set of analyses and other considerations were presented to a group of academic experts and other key stakeholders in a meeting to reach consensus on a global dietary diversity indicator for women (40) . Participants unanimously selected FGI-10 with a cutoff of $5 food groups, and affirmed its usefulness for populationlevel assessment, advocacy, and possibly tracking (41) . In parallel with the WHO "minimum dietary diversity" indicator for infants and young children (42), the indicator name "minimum dietary diversity for women of reproductive age" (MDD-W) was adopted, and subsequently, a manual for operationalizing the indicator was developed and published (43) . Page 2 of this manual gives a clear definition of the indicator, indicating how the cutoff of 5 food groups should be interpreted: "The proportion of women 15-49 years of age who reach this minimum in a population can be used as a proxy indicator for higher micronutrient adequacy."
Our analysis and the resulting indicator have several limitations. First, although efforts were made to obtain data sets from urban, rural, and geographically diverse contexts, the 6 African and 3 Asian data sets do not represent all global diet patterns. We acknowledge that most of the studies were not performed in samples that were representative of the whole population living in each particular country or context, but this was deemed not to be a strong limitation for the main purpose of our analysis. In addition, all samples involved randomization and some checking was performed to verify that they correctly represented typical situations of each context. Because the study sites were generally in resource-poor areas, however, the indicator may be most relevant in similar settings. In one case (Phi), the rate of exclusion from the original sample was very high, because reported energy intakes were very low. This case was carefully considered by the study team and it was eventually kept in the analysis because representativeness was not the main concern for the primary purpose of this work. In addition, because the shape of the distributions of energy and micronutrient intakes, PAs, and FGIs is very similar in the analysis subsample and the full sample, we judged that it would not bias the results. More details can be found in chapter 6 of Martin-Prevel et al. (28) . Second, in our analysis, the FGIs were derived from the quantitative 24-h recall and weighedrecord data, whereas in real-life applications, the MDD-W will be derived from simple qualitative food-group recalls, which tend to be less accurate, in particular because it is more difficult to apply the 15-g minimum criterion (44) . Third, the indicator was developed specifically for situations in which simplicity during data collection and processing is a very high priority and where, for example, it is not considered feasible to collect multiple days of recalls or information on quantities consumed. All diet indicators based on a single day of recall lack precision due to normal day-to-day variability in intakes, and all recall-based indicators are subject to measurement error and possibly bias (45) . In addition, lack of information on quantities means that there is inevitable variability in the association between MDD-W and the underlying dimension for which it is a proxy, micronutrient adequacy. These sources of variability, added to the variability in the study contexts, explain why there is substantial variation in the performance of the dichotomous score. They also contribute to the moderate sensitivity and specificity of the indicator, and make it poorly suited for many research applications, because associations (e.g., to predictors or outcomes) will be attenuated (46) . Finally, we were not able to assess the performance of the candidate indicators for pregnant women. Despite these limitations and the resulting issue of attenuation, similar simple, recall-based FGIs have shown meaningful associations with micronutrient adequacy (47), household food security (48) , season (49) , and women's decision-making autonomy (50) and have shown responsiveness-for example, to changes in food prices (51) and to interventions (52) . When measured repeatedly across pregnancy, a simple FGI was prospectively associated with maternal anemia and birth outcomes (53) . Because the MDD-W itself is a new indicator, there are no published studies reporting on its use as a dichotomous indicator. However, several of the studies just noted used food-group scores similar to the underlying 10-point score. The use of the 10-point score may be preferred both in research and in some programmatic contexts when, for example, a baseline measure shows extremely low diversity, such that improvements will not be readily detected with an indicator of consumption of $5 food groups. The MDD-W is best suited for the purpose for which it was designed, which is population-level assessment and possibly tracking of change across time in one critical dimension of diet quality. For this purpose, the MDD-W was proposed as 1 of the 8 priority indicators for measuring progress in actions to improve nutrition and other development outcomes in the framework of the Sustainable Development Goals (54) . According to the conclusions of a consensus meeting of experts, the indicator is also suited for use in advocacy with diverse audiences, and particularly in settings in which presentation of a mean food-group score would not serve communication needs. In these contexts, it may begin to fill a gap in very simple, yet valid indicators of diet quality, particularly in the poorest population groups. , and Juliana Arias Kluge and Gianluca Bangara (assistants). The authors' responsibilities were as follows-YM-P, MA, GK, TJB, MCD, MM, MD, and DW: developed the research concept and, together with PA, WTKL, and AL, designed the analysis plan; PA and DW: analyzed data under the guidance of YM-P; MA and YM-P: wrote the manuscript and had primary responsibility for the final content; and all authors: contributed to the interpretation of results, were involved in the analyses and had access to the data, had final responsibility for the decision to submit for publication, commented on drafts, and read and approved the final manuscript. Other members of the WDDP study group took part in data analysis and interpretation of results.
